Introduction {#sec1}
============

Ischemic cardiomyopathy, one of the most common cardiac myopathies, originates because of inadequate oxygen and nutrient supply, causing myocardial infarction (MI).[@bib1] Adult mammalian cardiomyocytes (CMs) retain only limited endogenous renewal capacity,[@bib2]^,^[@bib3] which is insufficient for the replacement of acute or chronic CM loss in ischemic cardiac injury.[@bib3] Several cell-based therapeutic approaches have been developed to treat ischemic heart diseases, including tissue engineering, stem cell transplantation, and mobilization of resident bone marrow cells, but ineffectiveness in clinical applications has fueled disenchantment with these approaches.[@bib4] The ability to use various combinations of cellular reprogramming transcription factors and other agents to directly transdifferentiate fibroblasts into CM-like cells offers a promising approach to treat MI,[@bib5]^,^[@bib6] but the resistance of human cells to reprogramming is an important barrier to the clinical application of this strategy.[@bib7]

An alternative, stimulation of endogenous CM proliferation, has emerged as an attractive option for promoting myocardial regeneration. Recent compelling evidence shows that pre-existing CMs in adult mammals have the potential to divide at a very low rate, and myocardial injury can increase the division rate.[@bib8] A more recent study has shown that mature adult CMs can reenter the cell cycle and form new CMs through dedifferentiation, proliferation, and redifferentiation.[@bib9] Increasing evidence points to the potential role of microRNAs (miRNAs) in the regulation of CM proliferation. miRNAs are a class of regulatory RNAs that measure ∼22 nt in length and post-transcriptionally regulate the expression of numerous genes via mRNA degradation and translational inhibition.[@bib10]^,^[@bib11] Studies in rodents have identified several miRNAs that are involved in CM proliferation.[@bib9]^,^[@bib12], [@bib13], [@bib14], [@bib15], [@bib16] For example, both miR-590 and miR-199a promote CM proliferation by targeting *Homer1* and *Hopx*,[@bib12] miR-204 promotes CM proliferation by targeting *Jarid2*,[@bib15] and miR-210 promotes CM proliferation by targeting APC.[@bib16] These studies demonstrate that miRNAs play a crucial role in regulating CM proliferation.

Previous studies on CM proliferation have primarily used rodent models. However, the degree to which conclusions can be translated from rodents to human is unknown. Human pluripotent stem cells (hPSCs), including human induced pluripotent stem cells (hiPSCs) and human embryonic stem cells (hESCs),[@bib17]^,^[@bib18] can be efficiently differentiated into CMs,[@bib8]^,^[@bib19]^,^[@bib20] offering a good opportunity to study CM proliferation in human cells. A recent large-scale screening using hPSC-derived CMs revealed that proliferative miRNAs in humans overlapped only minimally with those previously shown to stimulate rodent CM proliferation.[@bib21] In this study, we profiled miRNA expression at an early stage of CM differentiation and identified a list of highly expressed miRNAs. Further screening showed that *miR-25* overexpression promotes CM proliferation. Importantly, we identified *FBXW7* as a target of miR-25 for the promotion of CM proliferation. Our study suggests that miR-25 could be a potential molecule for cardiac regeneration.

Results {#sec2}
=======

Profiling miRNA Expression in the Early Stage of CM Differentiation {#sec2.1}
-------------------------------------------------------------------

Previous studies have shown that early hPSC-CMs proliferate efficiently, similar to embryonic or fetal mammalian CMs, but their capacity for proliferation decreases over time,[@bib22], [@bib23], [@bib24] which offers us an opportunity to study which miRNAs regulate CM proliferation during this process. We used a monolayer-differentiation method to generate hPSC-CMs by temporally manipulating the canonical Wnt signaling pathway ([Figure 1](#fig1){ref-type="fig"}A). The CM transition requires several intermediate stages including mesoderm (day 2), cardiac mesoderm (day 4), and CM progenitor cells (day 6).[@bib19]^,^[@bib25] The marker gene expression of each stage was confirmed by quantitative reverse transcription polymerase chain reaction (qRT-PCR) ([Figure S1](#mmc1){ref-type="supplementary-material"}). The morphology of cells changed over time during differentiation ([Figure 1](#fig1){ref-type="fig"}B). Eight days after differentiation, the cells started contracting rhythmically ([Video S1](#mmc2){ref-type="supplementary-material"}). Thirty days after differentiation, CMs showed regular sarcomeric structures, as illustrated by immunofluorescent (IF) α-actinin (α-ACTININ), cardiac troponin T (TNNT2), and 4′,6′-diamidino-phenylindole (DAPI) staining ([Figure 1](#fig1){ref-type="fig"}C). A 5-ethynyl-2′-deoxyuridine (EdU) cell proliferation assay revealed that cell proliferation decreased from 95.7% at day 4 to 1.9% at day 30 ([Figures 1](#fig1){ref-type="fig"}D and 1E).Figure 1miR-25 Is Enriched in the Early Stage of CM Differentiation(A) Schematic of chemically defined CM differentiation *in vitro*. (B) The morphology of cells during CM differentiation. (C) Thirty-day-old CMs showed regular sarcomeric structures, as illustrated by immunofluorescent staining of α-ACTININ (green) and TNNT2 (red). (D and E) Cell proliferation decreased from days 4 to 30 as revealed by EdU staining (D). EdU incorporation was quantified using ImageJ software (E). Approximately 2,000 cells were counted in each group. (F) The top 15 most abundant miRNAs at day 6 and their expression levels at day 18 were analyzed by miRNA-seq during hESC differentiation.

Video S1Cardiomyocytes with Regular Contraction

We hypothesized that miRNAs with high expression levels played a key role in regulating CM proliferation during CM differentiation. We profiled miRNA expression at the genome-wide level at two time points: days 6 and 18. We focused on miRNAs that highly expressed on day 6 but dramatically changed at day 18 (fold change \>2 for upregulation, fold change \<0.5 for downregulation) and identified 15 miRNAs. Among these miRNAs, expression of miR-30e, miR-143, miR-133a, miR-21, and miR-22 increased, whereas expression of miR-92a, miR-302/367 cluster, miR-16, miR-375, miR-205, miR-25, miR-222, and miR-151a decreased ([Figure 1](#fig1){ref-type="fig"}F). We hypothesized that the change of these miRNA expressions was associated with CM proliferation. Interestingly, miR-92a, miR-302/367 cluster, miR-16, miR-133, and miR-222 have been shown to regulate CM proliferation.[@bib13]^,^[@bib26], [@bib27], [@bib28], [@bib29]

Overexpression of miR-25 Promotes hESC-CM Proliferation {#sec2.2}
-------------------------------------------------------

To identify additional miRNAs that promote CM proliferation, we knocked down miR-30e, miR-143, miR-21, and miR-22 in the 30-day-old hESC-CMs, but none of these miRNAs could promote CM proliferation. We overexpressed miR-375, miR-25, miR-205, and miR-151a in the 30-day-old hESC-CMs, and EdU cell proliferation assay revealed that miR-25 significantly promoted CM proliferation ([Figure 2](#fig2){ref-type="fig"}A; [Figure S2](#mmc1){ref-type="supplementary-material"}). qRT-PCR showed that transfection of miR-25 mimics led to overexpression of miR-25 ([Figure 2](#fig2){ref-type="fig"}B) and proliferating cell nuclear antigen (PCNA) ([Figure 2](#fig2){ref-type="fig"}C). Transfection of miR-25 mimics led to CM proliferation as indicated by cell counts ([Figures 2](#fig2){ref-type="fig"}D and 2E). The proliferation of CMs was confirmed by an EdU cell proliferation assay. miR-25 transfection led to an increase in EdU-positive hESC-CMs from 2.5% to 11.6% ([Figures 2](#fig2){ref-type="fig"}F and 2G). We also used Ki-67 immunostaining to investigate the proliferation of CMs. The proportion of Ki-67-positive cells increased from 2.3% to 14.6% after miR-25 transfection ([Figures 2](#fig2){ref-type="fig"}H and 2I). In addition to its effect on hESC-CMs, miR-25 also promoted the proliferation of hiPSC-derived CMs (hiPSC-CMs) ([Figures S3](#mmc1){ref-type="supplementary-material"}A--S3D). In summary, overexpression of miR-25 could promote proliferation of both hESC-CMs and hiPSC-CMs.Figure 2miR-25 Promotes hESC-CM Proliferation(A) Schematic of the experimental design. (B) qRT-PCR analysis showed that miR-25 expression was significantly increased in hESC-CMs transfected with miR-25 mimics (n = 3) NC = cells transfected with normal control mimics. (C) qRT-PCR analysis showed that the expression of proliferating cell nuclear antigen (PCNA) increased in hESC-CMs transfected with miR-25 mimics (n = 3). NC = cells transfected with normal control mimics. (D) hESC-CMs transfected with miR-25 mimics or NC were stained for sarcomeric α-ACTININ (red) and DAPI (blue). (E) Relative numbers of hESC-CMs treated with miRNA-25 or NC. (n = 3) (F) hESC-CMs transfected with miR-25 mimics or NC were stained with EdU (green), an antibody against α-ACTININ (red) and DAPI (blue). (F) Percentage of Edu^+^ hESC-CMs treated with miR-25 mimics or NC. Approximately 2,000 cells were counted in each group. (H) hESC-CMs transfected with miR-25 mimics or NC were stained with an antibody against Ki-67 (green), α-ACTININ (red) and DAPI (blue). (I) Percentage of Ki-67^+^ hESC-CMs treated with miR-25 mimics or NC. Approximately 2,000 cells were counted in each group. Statistical significance was calculated using Student\'s t test for paired samples. Data are shown as the mean ± SEM. \*p \< 0.05, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001.

We further examined whether overexpression of miR-25 influenced other properties of CMs. Overexpression of miR-25 did not influence sarcomeric structure ([Figure S4](#mmc1){ref-type="supplementary-material"}A), cell size ([Figures S4](#mmc1){ref-type="supplementary-material"}A and S4B), field potential duration (FPD; Fridericia corrected) ([Figures S4](#mmc1){ref-type="supplementary-material"}C and S4D), or beat period ([Figure S4](#mmc1){ref-type="supplementary-material"}E).

To better understand the molecular and cellular effects of miR-25 overexpression, we performed RNA sequencing (RNA-seq) analysis. A total of 967 differentially expressed genes (DEGs; q value \< 0.05) were identified, including 696 upregulated genes and 271 downregulated genes ([Figure 3](#fig3){ref-type="fig"}A). Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis showed that 30 upregulated genes belonged to pathways related to the cell cycle, 16 genes were related to oocyte meiosis, and 10 genes were related to the p53 signaling pathway ([Figure 3](#fig3){ref-type="fig"}B). KEGG classification analysis showed that the most affected classes of genes were related to signal transduction, cancers, and cell growth and death ([Figure S5](#mmc1){ref-type="supplementary-material"}A). Gene Ontology (GO) analysis revealed that the DEGs enriched in cellular components were related to proliferation, including condensed chromosome kinetochores and biological processes such as DNA replication ([Figure S5](#mmc1){ref-type="supplementary-material"}B). qRT-PCR revealed that the expression of cell proliferation-associated genes (*BRCA2*, *NUSAP1*, *RACGAP1*, and *CKS2*) and cell-cycle-related genes (*CCNA2*, *CCNB*, *CCND*, *CDK2*, and *E2F2*) was increased ([Figure 3](#fig3){ref-type="fig"}C). These results indicated that miR-25 overexpression partly activated some cell-cycle-related genes that promote CM proliferation.Figure 3miR-25 Overexpression Drives Cell-Cycle Progression in hESC-CMs(A) Volcano map for the 967 differentially expressed genes in hESC-CMs overexpressing miR-25 compared with the normal control. (B) Scatterplots of the top 25 differentially regulated pathways identified in KEGG analyses. The vertical axis is the pathway term; the horizontal axis shows the rich factor for KEGG pathway enrichment. The q value denotes the significance of the pathway item. (C) qRT-PCR analysis revealed that miR-25 overexpression increased the expression of cell proliferation-associated genes and cell-cycle-related genes (n = 3). Statistical significance was calculated using Student\'s t test for paired samples. Data are shown as the mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001.

miR-25 Regulates hESC-CM Proliferation by Targeting *FBXW7* {#sec2.3}
-----------------------------------------------------------

To elucidate the mechanism of miR-25 in the regulation of CM proliferation, we used TargetScan and miRTarBase to predict miR-25 target genes. We focused on candidate targets that were predicted by both tools and obtained a list of 165 genes. Among these genes, *BTG2*, *RECK*, *LATS2*, *CDKN1C*, and *FBXW7* have been reported to promote cancer cell proliferation.[@bib15]^,^[@bib30], [@bib31], [@bib32], [@bib33] A dual-luciferase reporter assay was performed to test whether these genes were direct targets of miR-25 in HEK293T cells. We constructed reporter constructs containing luciferase fused with the wild-type (WT) 3′ UTR of each gene. An initial screen revealed that fusion with the 3′ UTR of *RECK*, *LATS2*, and *CDKN1C* did not influence luciferase activity, whereas fusion with the 3′ UTR of *BTG2* and *FBXW7* decreased luciferase activity ([Figures 4](#fig4){ref-type="fig"}A and 4B; [Figures S6](#mmc1){ref-type="supplementary-material"}A--S6H), suggesting that *BTG2* and *FBXW7* could be direct targets of miR-25. However, knockdown of *BTG2* by small interfering RNA (siRNA) did not promote CM proliferation ([Figure S7](#mmc1){ref-type="supplementary-material"}).Figure 4*FBXW7* Is a Direct Target Gene of miR-25(A) A potential target site (highlighted in red) of miR-25 on the *FRXW7* 3′ UTR was predicted by TargetScan. The mutated target sequence is shown below. (B) A luciferase reporter assay showed that the predicted binding sequence was required for miR-25 inhibition (n = 3). (C) qRT-PCR showed that miR-25 overexpression decreased *FBXW7* expression in hESC-CMs (n = 3). (D) Western blot analysis showed that miR-25 overexpression decreased FBXW7 expression in hESC-CMs. (E) Fold change expression of FBXW7 normalized by GAPDH as a internal control in hESC-CMs treated with miR-25 mimics or NC. (n = 3). (F) *FBXW7* expression was knocked down by siFBXW7 in hESC-CMs (n = 3). (G) qRT-PCR showed that PCNA expression was significantly increased in hESC-CMs treated with siFBXW7 (n = 3). (H) EdU staining (green) revealed that *FBXW7* knockdown increased CM proliferation. The number of EdU-positive cells is shown on the right. Nuclei were stained with DAPI (blue); CMs were stained with an antibody against α-ACTININ (red). Approximately 2,000 cells were quantified in each group. Scale bars, 150 μm. (I) Ki-67 staining (green) revealed that *FBXW7* knockdown increased CM proliferation. The number of Ki-67-positive cells is shown on the right. Nuclei were stained with DAPI (blue); CMs were stained with an antibody against α-ACTININ (red). Approximately 2,000 cells were quantified in each group. Scale bars, 150 μm. Mut, mutant; siNC, siRNA negative control; WT, wild-type. Statistical significance was calculated using student\'s t test for paired samples. Data are shown as the mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001.

One miR-25 binding site was predicted on the *FBXW7* 3′ UTR ([Figure 4](#fig4){ref-type="fig"}A). The luciferase reporter assay revealed that miR-25 abolished the inhibitory effect when this site was mutated, indicating that it was an miR-25 binding site ([Figure 4](#fig4){ref-type="fig"}B). To investigate whether miR-25 inhibits *FBXW7* in CMs, we transfected miR-25 mimics into CMs, which resulted in downregulation of *FBXW7* expression as revealed by qRT-PCR ([Figure 4](#fig4){ref-type="fig"}C) and western blotting ([Figures 4](#fig4){ref-type="fig"}D and 4E). To test whether downregulation of *FBXW7* expression led to CM proliferation, we transfected an siRNA against *FBXW7* (siFBXW7) into hESC-CMs. Downregulation of *FBXW7* expression was confirmed by qRT-PCR ([Figure 4](#fig4){ref-type="fig"}F). *FBXW7* knockdown led to an increase in *PCNA* expression ([Figure 4](#fig4){ref-type="fig"}G), a marker gene of cell proliferation. Moreover, transfection of siFBXW7 led to hESC-CM proliferation as indicated by EdU and Ki-67 staining ([Figures 4](#fig4){ref-type="fig"}H and 4I). Taken together, these results demonstrated that miR-25 promoted hESC-CM proliferation at least partially via inhibition of *FBXW7*.

miR-25 Promotes CM Proliferation in Zebrafish {#sec2.4}
---------------------------------------------

To investigate the regenerative potential of miR-25 at the organ level, we employed transgenic zebrafish with myocardium-specific GFP expression. miR-25 or normal control (NC) mimics were injected into the single-cell stage of zebrafish embryos. Heart morphology, size, and CM number were examined 72 h postfertilization (hpf). Confocal imaging revealed that miR-25 injection resulted in enlargement of the heart compared with the NC group ([Figure 5](#fig5){ref-type="fig"}A). Consistent with confocal imaging analysis, histological section analysis revealed that miR-25 injection significantly increased the cross-sectional area ([Figures 5](#fig5){ref-type="fig"}B and 5C). Furthermore, we analyzed the CM size by miR-25 injection, and the results revealed that miR-25 injection increased CM size ([Figures 5](#fig5){ref-type="fig"}D and 5E). To investigate whether CM number contributed to heart enlargement, we employed another transgenic zebrafish line with myocardium-specific RFP expression in the nuclei. Interestingly, miR-25 injection increased the number of CMs ([Figures 5](#fig5){ref-type="fig"}F and 5G), and it displayed a more significant effect on the proliferation of atrium CMs ([Figure S8](#mmc1){ref-type="supplementary-material"}). Neither miR-25 nor NC injection had any influence on heart rate ([Figure 5](#fig5){ref-type="fig"}H). Collectively, these data demonstrated that miR-25 injection could increase both the size and the number of CMs in zebrafish.Figure 5miR-25 Promotes CM Proliferation in Zebrafish(A) Morphology of zebrafish hearts injected with miR-25 mimics or NC. Transgenic zebrafish with myocardium-specific GFP expression were used. (B) Histological section of the cross-sectional areas of miR-25 or NC injection. (C) The cross-sectional areas of miR-25 or NC injection. (n \> 6) (D) The confocal picture of single CM injected with miR-25 or NC. (E) The volume of single CM treated with miR-25 or NC. (F) CM of zebrafish hearts injected with miR-25 or NC. (G) The number of CMs after miR-25 or NC injections. A transgenic zebrafish line with myocardium-specific RFP expression in the nuclei was employed. (H) miR-25 injection did not influence heart rate. Statistical significance was calculated using Student's t test for paired samples. Data are shown as the mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001.

miR-25 Targets *fbxw7* in Zebrafish {#sec2.5}
-----------------------------------

To test whether miR-25 targeted *fbxw7* in zebrafish as well, we carried out a series of experiments. First, the sequence alignment analysis demonstrated that the zebrafish miR-25 (dre-miR-25) mature sequence was identical to the human miR-25 (hsa-miR-25) ([Figure 6](#fig6){ref-type="fig"}A). Moreover, we found that dre-miR-25 potentially targeted *fbxw7* in zebrafish through TargetScanFish prediction ([Figure 6](#fig6){ref-type="fig"}B). *In vitro* luciferase assays revealed that miR-25 duplex significantly inhibited the expression of luciferase-*fbxw7*-3′ UTR compared with that of the control ([Figure 6](#fig6){ref-type="fig"}C). To test the functional interaction of miR-25 and *fbxw7*-3′ UTR *in vivo*, we performed the fluorescence sensor assay in zebrafish embryos. It was confirmed that miR-25 mimics repressed the expression of the mCherry-*fbxw7*-3′ UTR, but not mCherry-*fbxw7*-3′ UTR-mutant (mut), in which the miR-25 potential targeting site was mutated ([Figure 6](#fig6){ref-type="fig"}D). In summary, these results demonstrated that miR-25 also targeted *fbxw7* in zebrafish.Figure 6FBXW7 Is a Direct Target Gene of miR-25 in Zebrafish(A) The sequence of miR-25 sequences is conserved in human and zebrafish. (B) A potential target site (highlighted in red) of miR-25 on the zebrafish *fbxw7* 3′ UTR was predicted by TargetScan. (C) Luciferase reporter assay showed that the predicted binding sequence was required for miR-25 inhibition. (D) mCherry sensors were co-injected with EGFP control as indicated. miR-25-duplex injection reduced the mCherry levels in mCherry-*fbxw7*-3′ UTR, whereas EGFP levels were unchanged. In the mutated sensor, no reduction in mCherry was noted. Experiments were repeated three times; for each group, six embryos were analyzed. Mut, mutant. Statistical significance was calculated using Student's t test for paired samples. Data are shown as the mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001.

Discussion {#sec3}
==========

Direct activation of endogenous CM proliferation to regenerate and repair the heart, both after injury and in chronic disease states, is emerging as one of the most promising strategies in cardiac regenerative medicine.[@bib34] Identification of genes that can be harnessed to promote CM proliferation would be helpful for cardiac regeneration. Previous studies in rodents revealed that forced overexpression of certain synthetic miRNAs can promote CM proliferation.[@bib12]^,^[@bib34] In this study, we harnessed hESC-CMs to decipher miRNA functions in CM proliferation and demonstrated that miR-25 promoted CM proliferation. Importantly, we identified *FBXW7* as a target of miR-25 to regulate human CM proliferation. *FBXW7* is a cell-cycle regulatory factor that mediates the ubiquitin-dependent proteolysis of many positive cell-cycle regulators, including cyclin E1, c-Myc, c-Jun, and Notch.[@bib35]^,^[@bib36] Low expression of *FBXW7* has been observed in colorectal cancer.[@bib37] Inactivation of *Fbxw7* in the T cell lineage of mice impairs cell-cycle exit during T cell differentiation.[@bib38] Therefore, *FBXW7* plays an important role in the regulation of cell proliferation by modulating cell-cycle activities. In this study, we demonstrate that *FBXW7* is a target of miR-25, and overexpression of miR-25 promotes CM proliferation by downregulating *FBXW7*. These results were confirmed in the zebrafish model. Therefore, miR-25 could serve as a novel molecule for cardiac regeneration.

miR-25 has multiple effects on heart failure. miR-25 expression in humans is initially decreased in the early stage of heart failure but is later increased in end-stage heart failure.[@bib39] Decreased miR-25 expression in diseased myocardium leads to re-expression of its target gene *Hand2*, a transcription factor that can cause cardiac dilation and dysfunction in the postnatal myocardium.[@bib40] Interestingly, another group has demonstrated that inhibition of miR-25 expression in diseased myocardium leads to overexpression of its target gene *SERCA2a* and improves cardiac function.[@bib20] Other effects of miR-25 include protection of CMs against oxidative damage[@bib41] and against apoptosis induced by sepsis.[@bib42] We first demonstrated that miR-25 promoted CM proliferation, extending the list of miR-25 functions.

Notably, multiple effects of miR-25 in the rodent heart have also been documented, some of which seem to contradict each other. Overexpression of miR-25 protects CMs against oxidative damage and sepsis-induced apoptosis.[@bib41]^,^[@bib42] On the other hand, overexpression of miR-25 in the normal heart causes a significant loss of contractile function, CM fibrosis, and apoptosis.[@bib20]^,^[@bib39] However, this study revealed that overexpression of miR-25 in zebrafish did not significantly alter the heart function. Inhibition of miR-25 improves cardiac contractility in the failing heart[@bib20] but can also induce atrial fibrillation,[@bib43] high blood pressure,[@bib39] mild heart dilation,[@bib39] and spontaneous cardiac dysfunction.[@bib40] Therefore, additional studies are required to investigate the therapeutic effects of the miR-25 expression during different stages of heart disease.

Materials and Methods {#sec4}
=====================

Cell Culture {#sec4.1}
------------

The HEK293T (ATCC) cell line was grown in DMEM supplemented with 10% FBS, 1× penicillin-streptomycin. hESCs (Wicell) and hiPSCs (Kindly provided by Cellapy) were maintained in human PSCeasy Medium (Cellapy) on Matrigel-coated (Corning) plates and passaged using 0.5 mM EDTA every ∼3--4 days. All cells were incubated at 37°C with 95% air and 5% CO~2~.

*In Vitro* Differentiation {#sec4.2}
--------------------------

hESCs and hiPSCs were directly differentiated using small molecules following a previously described method.[@bib44] In brief, before differentiation, cells were dissociated using 0.5 mM EDTA at a ratio of approximately 1:10 and cultured in human PSCeasy Medium for ∼3--4 days. When the cell density reached ∼60%--70% confluence on day 0, the medium was changed to CDM3 basal medium containing 6 μM CHIR99021 (Selleck), an inhibitor of GSK3β that activates the Wnt signaling pathway. On day 2, the medium was changed to CDM3 containing 2 μM Wnt-C59 (Sigma), a Wnt inhibitor. From day 4 onward, the medium was replaced with fresh CDM3 every other day, and spontaneously contracting CMs were observed on day 8. From days 9 to 12, CMs were purified with Cardioeasy purification medium (Cellapy). CMs were maintained with medium composed of RPMI 1640 with 2% B27 serum-free supplement (Gibco) from day 15 onward, with the medium exchanged every 2 or 3 days.

Luciferase Reporter Assay {#sec4.3}
-------------------------

The 3′ UTR of the target gene containing putative binding sites for miR-25-3p was amplified by PCR from human genomic DNA and inserted into a psiCHECK-2 vector within XhoI and NotI restriction sites. Mutations were introduced in the seed region of the miR-25-3p binding site for comparison. The synthesized pre-miR-25 sequence was cloned into plko.1 to construct the miR-25 expression plasmid. For the luciferase reporter assay, HEK293T cells were preplated in 12-well plates. On the next day, the cells were cotransfected with 500 ng plko-miR-25 or control plasmid and 500 ng WT or mutated 3′ UTR of *FBXW7* using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's instructions. After transfection for 48 h, the cell lysates were harvested, and luciferase activity was measured using the Dual-Luciferase Reporter System (Promega). The activity of *Renilla* luciferase was normalized to that of firefly luciferase. The experiment was repeated three times independently.

Immunofluorescence {#sec4.4}
------------------

After 48 h of transfection, CMs were washed with PBS three times for 5 min each and fixed with 4% Paraformaldehyde Fix Solution (Sangon Biotech) for 15 min at room temperature and permeabilized with 0.3% Triton X-100 in PBS for 15 min, then blocked with 3% BSA for 1 h. Next, the cells were incubated with primary antibody in blocking solution overnight at 4°C. The following primary antibodies were used: mouse anti-α-ACTININ (1:500; Sigma) and rabbit anti-TNNT2 (1:500; Proteintech) were used for labeling the CMs. Rabbit anti-Ki-67 (1:300; Cell Signaling) was used to detect mitosis. After being washed with PBS three times, cells were incubated with secondary antibodies conjugated with Alexa Fluor 488 and 584 (Sigma) for 1 h at room temperature in the dark. For EdU staining, CMs were labeled with EdU for 24 h before immunofluorescence, and the Click-iT EdU Alexa Fluor 488 Imaging kit (Invitrogen) was used according to the manufacturer's protocol. DAPI (1:1,000; Sigma) was used to stain nuclei. CM proliferation was calculated by counting Ki-67 (EdU)^+^, α-ACTININ^+^, and DAPT^+^ cells in every image. More than 2000 cells were counted. CM size was quantified using ImageJ.

Oligo Transfection {#sec4.5}
------------------

The synthetic miR-25 mimics, *FBXW7* siRNA, and their NC were purchased from GenePharma (Shanghai). Differentiated CMs were isolated and replated at 80% confluency; after 3 days, when they resumed beating, they were transfected with 40 nM miRNA mimics or siRNA using Lipofectamine 3000 transfection reagent (Invitrogen). After 48 h of treatment, they were used for immunofluorescence, western blot, or qRT-PCR analysis.

RNA Isolation and qRT-PCR {#sec4.6}
-------------------------

Total RNA (including mRNA and miRNA) was extracted from treated CMs using TRIzol reagent (Ambion) following the manufacturer's manual. For mRNA expression analysis, first-strand cDNA was synthesized using a 5× All-In-One RT MasterMix kit (abm), and mRNA expression was quantified with 2× SYBR Green qPCR Master Mix (bimake) according to the manufacturer's protocol. GAPDH was used as an internal control. For miRNA, the cDNA was reverse transcribed using the miScript II RT kit (QIAGEN). The relative expression level of miR-25-3p was evaluated with the miScript SYBR Green PCR kit (QIAGEN) and normalized to hU6. qPCR was performed using the Bio-Rad Real-Time PCR Detection System, and the relative expression level was calculated using the 2^−ΔΔCt^ method. The primer sequences used can be seen in [Table S1](#mmc1){ref-type="supplementary-material"}.

Western Blot Analysis {#sec4.7}
---------------------

Treated cells were harvested and lysed with Nonidet P-40 (NP-40) buffer (Beyotime) in the presence of 1 mM phenylmethanesulfonyl fluoride (Beyotime). After the cells were spun at 12,000 rpm for 10 min in a 4°C precooled centrifuge, the supernatant was collected for western blot analysis. Proteins were separated on an 8% SDS-PAGE gel and then transferred to a polyvinylidene fluoride (PVDF) membrane (Thermo). After being locked with 5% (w/v) BSA (Sigma) in TBS-T (0.1% Tween 20 in 1× TBS) buffer for 1 h at room temperature, the membrane was incubated with primary antibodies at 4°C overnight. The following antibodies were used: anti-FBXW7 (1:1,000; Abcam) and anti-GAPDH (1:2,000; Cell Signaling). After three washes in TBS-T for 5 min each, the membranes were incubated with secondary antibody at room temperature for 1 h, then washed three times and stained following the kit manufacturer's recommendation. ImageJ was used to quantify the band intensities.

RNA-Seq and Bioinformatics Analysis {#sec4.8}
-----------------------------------

RNA-seq was performed by Shanghai Biotechnology Corporation (SBC). In brief, CMs transfected with miR-25-3p mimics or its NC were collected, and total RNA was extracted using an RNeasy Micro Kit (QIAGEN) following the manufacturer's instructions. Total RNA integrity was checked with an Agilent Bioanalyzer 2100 (Agilent). The cDNA library was constructed using a TruSeq RNA Sample Prep Kit and sequenced on an Illumina HiSeq 2000 system (Illumina). Sequenced reads were mapped onto the human hg38 reference genome. The reads were converted into FPKM (fragments per kilobase of exon model per million mapped reads) for standardization of gene expression using StringTie (version 1.3.0). EdgeR was applied to identify DEGs between samples. KEGG and GO enrichment were analyzed for differentially expressed genes. The RNA-seq data has been deposited to SRA Database (accession number: PRJNA531900).

Electrical Activity Analysis {#sec4.9}
----------------------------

A multi-electrode array (MEA; Multi Channel Systems) was utilized to record the electrophysiological features of CMs, including beat period, field potential duration (FPD), and conduction velocity. FPD was subsequently corrected (FPDc) using Fridericia's formula (FDP/3 √RR, where RR is the interspike interval). All experiments were performed in DMEM without FBS or antibiotics.

Ethics Statement {#sec4.10}
----------------

All zebrafish experimentation was carried out in accordance with the NIH *Guidelines for the Care and Use of Laboratory Animals* (<https://oacu.od.nih.gov/regs/index.htm>) and ethically approved by the Administration Committee of Experimental Animals, Jiangsu Province, China (approval ID: SYXK (SU) 2007-0021).

Zebrafish Strains and Breeding {#sec4.11}
------------------------------

Zebrafish were provided by the Zebrafish Center at Nantong University Jiangsu Key Laboratory of Neuroregeneration. Zebrafish embryos and adults were raised and maintained under the conditions described previously.[@bib45] Two transgenic zebrafish lines, *Tg(cmlc2:nDsRed)* and *Tg(cmlc2:GFP)*, were used as described in a previous work.[@bib45]

Injection of miRNA-25 Mimic and NC {#sec4.12}
----------------------------------

miRNA-25 mimic 20 pmol and NC were injected into embryos in the one- to two-cell stages.

Target Prediction {#sec4.13}
-----------------

Target prediction of miR-25 in zebrafish was carried out with TargetScanFish 6.2 (<http://www.targetscan.org/fish_62/>).

Whole-Embryo miRNA Sensor Assay {#sec4.14}
-------------------------------

A whole-embryo miRNA sensor assay in zebrafish was carried out as described previously.[@bib45] *egfp* and *mCherry* coding sequences were cloned into the pCS2^+^ vector. The pCS2^+^-*mCherry*-*fbxw7*-3′ UTR control and the pCS2^+^-*mCherry*-*fbxw7*-3′ UTR-mut construct were generated. The pCS2^+^-*EGFP* vector was used as an injection control. The plasmids were linearized with NotI/KpnI and used as templates to synthesize the capped mRNAs using a mMESSAGE mMACHINE kit (Ambion). The RNAs were injected into the cytoplasm of one- to two-cell embryos (35 pg/embryo).

Microscopic Imaging {#sec4.15}
-------------------

For microscopic imaging of zebrafish, embryos were embedded in 0.6% low-melting point agarose. Confocal imaging was performed with a Leica TCS-SP5 LSM. The anesthetic MS-222 (100% strength) was used to stop the heartbeat before confocal imaging. Analysis was performed using Imaris software.

Statistical Analysis {#sec4.16}
--------------------

Statistical analysis was performed using GraphPad Prism 5. All data are presented as the mean ± SEM. An unpaired t test and one-way ANOVA were used to determine statistical significance between two and more than two groups, respectively. Significance levels are indicated as follows: \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001.
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